INTRODUCTION
In recent years, organic-inorganic polymer hybrids with a large variety of functionality have been studied intensively. The combination of the two components at a molecular level would provide novel properties that are hardly obtained from conventional organic or inorganic materials. It results, for instance, in waveguides, [1] [2] [3] [4] [5] optical biosensors 6 or thermally stable nonlinear optical materials. [7] [8] [9] [10] The homogeneous combination of two materials also produces an enhancement of the mechanical strength of organic polymers such as poly(dimethylsiloxane) with silica particles [11] [12] [13] [14] [15] or a modification of the mechanical properties of silica by introduction of organic polymers into the silica phase. 16 The hybrid materials are also potential candidates for catalysts [17] [18] [19] and gas separation membranes. [20] [21] [22] [23] [24] The sol-gel technique applied to metal alkoxides is one of the most efficient methods for the preparation of composite materials. The method comprises initial hydrolysis of those metal alkoxides and subsequent condensation and removal of the solvents, resulting in metal oxides (Scheme 1 top). [25] [26] [27] [28] [29] [30] The advantage of the sol-gel technique for preparing composite materials is the low reaction temperature, e.g. room temperature, at which the reactions are conducted, while the conventional melt fusion technique of silica glasses needs a high temperature. Thus, it enables the incorporation of organic elements into inorganic materials without deterioration of their functionality. It is also noteworthy that silica gels obtained by the sol-gel reaction contain a large number of residual hydroxyl groups.
We have succeeded in preparing homogeneous organic-inorganic polymer hybrids by incorporating organic polymers such as poly(2-methyl-2-oxazoline), poly(vinylpyrrolidone) or poly(N,Ndimethylacrylamide) into the sol-gel reaction mixture of alkoxysilanes. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] The residual silanol groups in the silica gel and amide groups in the polymers would develop hydrogen-bonding interactions which would help uniform dispersion of each segment. As a precondition for the formation of homogeneous polymer hybrids, polymers should be dispersed uniformly in the sol-gel reaction solution. Organic polymers with highly polar functional groups, however, aggregate as the sol-gel reaction proceeds, to form a silica matrix due to the strong interaction between the polymers themselves.
In our group, a method has been utilized to suppress the aggregation, namely the modification of these functional groups by adequate substitutes. For example, hydroxyl and amino groups of chitosan were converted into urethane and phthalimide groups, respectively. These functional groups act not only as hydrogen-bonding accepting groups but as the hindering groups for the aggregation by diminishing the polarity. 42 These methods, however, altered the structure of the organic polymers and affected their properties. In some cases their high polarities play an important role in manifestation of unique properties such as gas-barrier or metal-chelating activities. 43 Thus, another synthetic technique is desired to incorporate the polymers without such a modification.
Here we introduce a novel synthetic method in which precursor polymers were employed instead of targeted organic polymers. The method comprises the initial incorporation of the precursors of desired polymers into a sol-gel reaction solution of alkoxysilanes and the following simultaneous hydrolysis of the functional groups of the precursor polymers and alkoxysilanes. PVAc was used as a precursor for the synthesis of PVA and silica gel polymer hybrids.
EXPERIMENTAL Chemicals
TMOS (Tokyo Kasei Kogyo Co. Ltd) was used after distillation under nitrogen. Methanol (Wako Pure Chemical Industries Ltd) was used after distillation with sodium under nitrogen. PVAc (Aldrich Chemical Co. Inc., average M w ca 167 000) and 0.1 M HCl (Wako Pure Chemical Industries Ltd) were used as supplied.
Preparation of poly(vinyl alcohol) and silica gel hybrids
PVAc (0.4 g or 1.0 g) was dissolved in 20 ml of methanol. TMOS (2.0 g) and 0.1 M HCl were added to the solution with continuous mixing at ambient temperature. The reaction mixture was stirred at the same temperature for 5 h and subsequently heated at 60°C for one week (or left at room temperature for two weeks) with an aluminum foil cover having a few pinholes. After the heating period, a hard glass-like material was obtained. These reactions were carried out in air.
Measurement
The dried gel obtained was crushed into powder and kept in a desiccator until the analyses were conducted. Thermal gravimetric analysis (TGA) was performed on a Shimadzu TG-30, TGC-30 system with a heating rate of 10°C min À1 in air. Fourier transform infrared (FTIR) spectra were obtained from KBr powder-pressed pellets on a Perkin-Elmer 1600 Series FT-IR instrument. Solidstate 13 C CP/MAS NMR spectra were measured on a JNM-GSX FT-NMR spectrometer. The data were obtained in the mode of total suppression of 
RESULTS AND DISCUSSION
PVA has high crystallinity due to the hydroxyl groups in its side-chain. The groups cause the phase separation when the polymer is used as a starting material for the synthesis of hybrids with silica gel. PVAc, on the other hand, has acetyl groups as repeating units and its polarity is not as strong as that of PVA. The polymer hybrid containing PVAc was prepared by Landry et al. [45] [46] [47] by utilizing the hydrogen-bonding interaction of acetyl groups in the polymer and the residual silanol groups in silica gels. It was also reported that the functional groups of PVAc provide hydroxyl groups effectively via hydrolysis reactions with either acid or base catalysts, particularly in alcohol solvents by ester exchange ( Scheme 1, bottom). Therefore, it was expected that PVAc would produce homogeneous PVA polymer hybrids by hydrolysis of the functional groups, if sufficient acid catalyst was employed. The relation between the rate of hydrolysis of PVAc and that of silica gel formation might be critical for the homogeneity of PVA polymer hybrids. To control these factors, the acid catalyst and the reaction temperature were varied.
The polymer hybrids were prepared according to Scheme 2. PVAc was added to a methanol solution of TMOS and the volume of 0.1 M HCl aq was altered from 0.02 to 0.60 ml. The weight ratio of organic polymer to TMOS was 0.2. The mixture was then heated at 60°C for seven days to yield homogeneous and transparent glassy materials, though the samples with high acid-catalyst content became dark.
The degree of hydrolysis was evaluated with FTIR. As illustrated in Fig. 1 the intensity of the Scheme 2 Preparation of polymer hybrids.
carbonyl stretching vibration peak decreased with an increase of the amount of catalyst and it almost disappeared when the acid content was 1.6 ml. It was also observed that the peak shifted to lower wavenumbers due to the hydrogen-bonding interaction between silanol groups in the silica gel with an increase of the acid content as reported previously. 45 The degree of hydrolysis was calculated by comparing the relative intensity due to the carbonyl groups with that of the Si-O-Si stretching vibration peak of each hybrid. However, as shown in Table 1 , the content of organic elements decreased when the acid content increased since the polymer would lose the acetyl groups through hydrolysis. Consequently, the decrease of the content of organic polymers would reduce the relative intensity of the carbonyl stretching vibration to that of Si-O-Si, regardless of the degree of hydrolysis.
To obtain the precise degree of hydrolysis, the change in organic contents was taken into account. The intensity due to the carbonyl groups was divided by the content of organic elements in each hybrid and the corrected values were used to examine the degree of hydrolysis. The results are shown in Table 1 and are illustrated in Fig. 1 . When the reaction was conducted at this temperature, the degree of hydrolysis increased as the amount of catalyst, while the high homogeneity was maintained in all samples: 85.2% of the carbonyl groups were found to be hydrolyzed with 1.6 ml of the acid catalyst. The degree of hydrolysis was also confirmed by solid-state 13 C CP/MAS NMR (Fig. 2) . The peak for the carbonyl group was observed at 170 ppm Appl. Organometal. Chem. 12, 755-762 (1998) while the peak for methyne carbon at 67 ppm, the methylene carbon at 41 ppm and the methyl carbon at 22 ppm were observed in the hybrid prepared with 0.02 ml of the catalyst. The peak at 52 ppm corresponded to the carbon of the residual methoxy group of TMOS. In contrast, when the acid content was increased to 1.6 ml, the peak at 170 ppm almost disappeared. The methyl carbon was also diminishing. Again the result indicates that PVAc was effectively hydrolyzed in the silica matrix to afford PVA polymer hybrid. The same reaction was also performed at room temperature (r.t., 15°C). As shown in Table 1 , hydrolysis of the carbonyl groups rose as the amount of catalyst present increased at that temperature, too: 75.2% of the carbonyl groups were hydrolyzed with 1.6 ml of the catalyst. In contrast to the reaction at 60°C, however, the homogeneity of the hybrid deteriorated significantly with 1.6 ml of 0.1 M HCl.
It has been reported that the gelation rate of alkoxysilanes is highly dependent on temperature. 48 The gelation rate becomes faster with raising temperature. The declining homogeneity could therefore be attributed to the longer gelation time of TMOS at room temperature. It thus caused the hydrolysis of PVAc 'outside' the silica matrix and the aggregation of the PVA being formed, with growing of silica gel. These results indicate that kinetic control plays a more important role than the thermal stability of the hybrids. The homogeneity would be maintained once the polymer is locked inside the silica gel via the hydrogen-bonding interaction of the acetyl and the silanol groups, though PVA and silica gel hybrids are originally immiscible.
The PVA content was successfully increased to 45.8% of the total weight of the polymer hybrid. For PVAc, the initial weight ratio of 1:2 for PVAc/ TMOS was added into a reaction mixture of TMOS and the solution was heated at 60°C with various amounts of the catalyst ( Table 1 ). The degree of hydrolysis increased again with the increase of the amount of catalyst and the polymer hybrid maintained its high uniformity without any phase separation.
The homogeneity of the polymer hybrids obtained was evaluated by nitrogen sorption porosimetry of a porous silica that was obtained by charring the PVA hybrid (Table 1, run 4) at 600°C. The organic fractions would be removed from the polymer hybrids by sintering the hybrids at 600°C without affecting their morphology (Scheme 3). 41, 49 The homogeneity of the original polymer hybrids could be verified consequently by measuring the pore size distribution of the porous silica obtained.
As is shown in Fig. 3 the nitrogen isotherm of the porous silica that was obtained from the homogeneous polymer hybrid (Table 1 , run 4) showed a steep increase at low pressure, which indicates adsorption by micropores, and a following plateau region, meaning adsorption by the surface area. 50 A surface area, a pore volume and a pore size were Scheme 3 Removal of organic components from polymer hybrids by sintering at 600°C (schematic). Appl. Organometal. Chem. 12, 755-762 (1998) determined by the MP method. 44 As shown in Fig. 4 the pore size distribution has a peak around 0.39 nm and the calculated surface area yielded the value of 102 m 2 g
À1
. All these results suggest the dispersion of PVA at the ångstrom level.
CONCLUSION
It was confirmed that the in-situ hydrolysis of PVAc in the sol-gel reaction mixture with TMOS could be an effective technique for the preparation of homogeneous PVA and silica gel polymer hybrids. The dependence of the homogeneity on temperature indicated a critical role of the physical entrapment of the polymer by the silica matrix for the uniform dispersion of the polymer.
